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In activated monocytes, Interferon-gmodulates assembly of a heterotetrameric inhibitor of translation. This
is responsive to signaling cascades promoting the induction and activation of death associated protein
kinase (DAPK) and consequently zipper-interacting protein kinase (ZIPK). Now Mukhopadhyay et al., in a
recent issue of Molecular Cell, show that the kinases themselves are regulated by the same trans-
lational silencing they promote thereby providing a negative feedback loop to limit late inflammatory gene
expression.While transcriptional regulation plays
a central role in controlling gene expres-
sion during inflammation, this major
physiological response is not driven by
transcriptional changes alone. Rather,
transcriptional control interacts with regu-
latory mechanisms functioning at the level
of mRNA transport, stability, localization,
and translation to produceprecise expres-
sion of individual (or groups of) genes. In-
deed, translational control provides a flexi-
ble, reversible, and rapid mechanism by
which to exert control over both the type
and amount of proteins produced. Recent
work in Molecular Cell from Mukhopad-
hyay et al. (2008) provides insight into
how IFN-g regulates the temporal expres-
sion of ceruloplasmin in a coordinated
series of phosphorylation and protein
interaction events. Activation of a number
of signalingcascadesculminates in theas-
sembly of a protein complex which binds
to a 29 nt, bipartite stem loop element in
the 30 untranslated region (30UTR) of ceru-
loplasmin mRNA to allow for reversible,
transcript-selective translational control.
Ceruloplasmin is a copper-containing
plasma protein produced at sites of in-
flammation by activated monocytes in re-
sponse to IFN-g. This is tightly controlled,
as prolonged and elevated levels of this
protein can cause localized cellular dam-
age, possibly leading to atherosclerosis.
So, how are the levels of ceruloplasmin
controlled? Previous work using human
monocytes exposed to IFN-g showed
that ceruloplasmin mRNA was induced
and duly translated but ceruloplasmin
protein synthesis was attenuated after
16 hr, even though intactmRNAwas pres-
ent (Sampath et al., 2003, 2004). This celltype-specific translational silencing re-
flected a decrease in the recruitment of
ceruloplasmin mRNA to actively translat-
ing polysomes without affecting total
protein synthesis, classic symptoms of a
selective lesion at the initiation phase of
translation. This stage of translation can
be modulated by both changes in the
levels of key initiation factors and in their
regulated phosphorylation (reviewed in
Morley and Coldwell, 2007).
So howdoes an IFN-g-activatedprotein
complex binding to the mRNA 30UTR im-
pinge on translation initiation, and what
controls the timing of this elaborate re-
sponse?Theanswers reside in theassem-
bly of the IFN-gamma-activated inhibitor
of translation (GAIT) complex which binds
to the 30UTR of ceruloplasmin mRNA (Fig-
ure 1) and is responsible for translational
suppression in IFN-g-activated mono-
cytes (Mazumder et al., 2003; Sampath
et al., 2003, 2004). TheGAIT complex con-
sists of: glutamyl-prolyl-tRNA synthetase
(EPRS); the RNA-binding NS1-associated
protein-1 (NSAP1), which also has roles in
regulating cap-independent translation
and proto-oncogenemRNA stability; ribo-
somal protein L13a; and glyceraldehyde
3-phosphate dehydrogenase (GAPDH).
In IFN-g-activated monocytes, the GAIT
complex assembles in two phases; within
4 hr EPRS (which provides specificity for
the GAIT element) is phosphorylated and
released from an aminoacyl-tRNA multi-
synthetase complex (Sampath et al.,
2004) allowing it to bind to NSAP1. Ten
hours later, this intermediate complex is
joined by GAPDH and L13a following
L13a’s phosphorylation on Ser77 and its
release from the large ribosomal subunit.Developmental Cell 15,Formation of this complex induces a con-
formational switch to promote GAIT bind-
ing to the GAIT element in ceruloplasmin
mRNA (Figure 1). The kinase(s) that phos-
phorylates EPRS and identification of the
critical sites of modification which control
recruitment of phospho-L13a/GAPDH
await determination.
So how do you get specific inhibition?
Translational silencing has been shown
to require interaction between the mature
mRNA-bound GAIT complex and the
cap-binding initiation complex eIF4F
assembled at the 50 end of the mRNA.
Phospho-L13a as part of the mature
GAIT complex can interact with eIF4F in
an RNA-dependent manner and block re-
cruitment of the 43S initiation complex to
ceruloplasmin mRNA, without interfering
with eIF4F itself (Kapasi et al., 2007). Tran-
script-specific inhibition of translation
relies on a direct competition of phos-
pho-L13a with the eIF3e subunit (p48/
Int6) for binding to eIF4G. This is effective
at inhibiting initiation as binding of eIF3e to
eIF4G is required for cap-dependent
translation initiation.
So what phosphorylates ribosomal pro-
tein L13a at the right time and how is this
controlled by IFN-g? The key lies in the
IFN-g-mediated transcriptional activation
of the closely related kinases, DAPK and
ZIPK, evident onlyat 12–14hr followingcy-
tokine treatment (Figure 1). While the tran-
scription factors important in regulating
ZIPKmRNA levels are unknown,DAPKex-
pression requiresC/EBP-b inamechanism
dependent on ERK1/2 signaling but dis-
tinct from the JAK-STAT pathways (Gade
et al., 2008). IFN-g-mediated activation of
ERK1/2 not only increases transcriptionNovember 11, 2008 ª2008 Elsevier Inc. 639
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also directly promotes the
phosphorylation of DAPK at
Ser735, resulting in its activa-
tion. Activated DAPK interacts
directly with ERK1/2 to pro-
mote cytoplasmic retention of
ERK1/2, thereby allowing fur-
ther activation of DAPK. The
ERK1/2-dependent activation
of p90RSK in the cytoplasm
also promotes phosphoryla-
tion of DAPK but at Ser289,
thereby suppressing its proa-
poptotic function (Anjum
et al., 2005). Thus, ERK signal-
ing controls DAPK at the tran-
scriptional level via C/EBP-
b and at the posttranslational
level by attenuating apo-
ptosis. DAPK prevents ERK1/
2 signaling to the nucleus and
thereby switches off the ERK-
C/EBP-b pathway.
IFN-g-mediated signaling
in macrophages also acti-
vates RhoGEF, increasing
levels of Rho/GTP, activating
Rho kinase 1 (ROCK1), and
enhancing phagocytosis by
promoting actin cytoskeletal
protrusions and focal adhe-
sions. ROCK1 phosphory-
lates ZIPK at Thr265 and
Thr299 to activate the kinase.
In addition, the phosphoryla-
tion at Thr299 by both ROCK1
and DAPK retains the active kinase in
the cytoplasm. Mukhopadhyay et al.
(2008) now show that IFN-g-activated
DAPK phosphorylates and activates
ZIPK, which can then directly phosphory-
late ribosomal protein L13a on Ser77,
and allows its release from the surface of
the ribosome (Figure 1). The delayed
induction of DAPK and ZIPK allow for the
temporal control of L13a phosphorylation.
As outlined above, together with GAPDH,
phospho-L13a interacts with EPRS/
NSAP1, inducing a conformational switch
that allows the mature GAIT complex
to bind to, and repress ceruloplasmin
mRNA.
So what attenuates this highly regu-
lated response? Mukhopadhyay et al.
(2008) show that IFN-g-activated DAPK
and ZIPK mRNAs also each possess the
29 nt, bipartite stem loop GAIT element
in their 30UTR. So, in the process of acti-
vating the GAIT complex
and repressing ceruloplasmin
mRNA, they also repress their
own expression. As ZIPK also
interacts with UbcH5c, it
seems likely that the cell
eventually turns over this ki-
nase using a ubiquitin-depen-
dent pathway. The upshot of
all this is that negative trans-
lational regulation of these
kinases inactivates the GAIT
complex, thereby regulating
inflammatory gene expres-
sion while allowing reactiva-
tion of IFN-g-induced gene
expression at a later times
as and when required.
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Figure 1. Formation of the GAIT Complex
Activation of a number of signaling cascades culminates in the phosphoryla-
tion of ribosomal protein L13a by ZIPK, promoting the assembly of the GAIT
complex. This mature complex then binds to a 29 nt, bipartite stem loop
element in the 30 untranslated region (30UTR) of ceruloplasmin (Cp), DAPK,
and ZIPK mRNA to allow for reversible, transcript-selective translational
control.640 Developmental Cell 15, November 11, 2008 ª2008 Elsevier Inc.
